Introduction {#s1}
============

Antibiotic consumption is a known driver of antibiotic resistance. In developed nations, over 80% of antibiotic consumption for human health occurs in the outpatient setting ([@bib16]; [@bib45]; [@bib46]; [@bib55]), and US-based studies conducted across different subpopulations have estimated that 23--40% of outpatient prescriptions may be inappropriate ([@bib13]; [@bib18]; [@bib42]). Inappropriate antibiotic use leads to increased risk of adverse events ([@bib36]; [@bib51]), disruption of colonization resistance and other benefits of the microbial flora ([@bib9]; [@bib32]), and bystander selection for antibiotic resistance, with little to no health gains for the patient. Recent work on bystander selection estimates that, for 8 of 9 potential pathogens of interest, over 80% of their exposures to commonly used antibiotic classes in the outpatient setting occur when the organisms are asymptomatically colonizing the microbiome, not causing disease ([@bib56]). A corollary of extensive bystander selection is that reductions in use will prevent antibiotic exposures for species throughout the microbiome.

We use publicly available data to quantify potentially avertable exposures of bacterial species to commonly used antibiotics under hypothetical changes in prescribing practice. The set of scenarios included here are intended as thought experiments to explore the upper bounds of avertable antibiotic exposures. Reductions in antibiotic consumption have historically had variable impacts on resistance levels, likely dependent on setting, baseline consumption and resistance patterns, and fitness costs ([@bib2]; [@bib37]). In addition, treatment strategies are primarily guided by randomized controlled trials assessing immediate clinical outcomes, with less careful consideration given to the microbiome-wide effect of such decisions. We apply analytical methods to parse out species-level effects of changes in prescribing practice in order to better understand the potential impact of antibiotic stewardship.

Materials and methods {#s2}
=====================

Scenarios of interest {#s2-1}
---------------------

This analysis includes sixteen antibiotics that are frequently prescribed in the outpatient setting and nine potentially pathogenic bacterial species that are commonly carried in the normal human microbiome. For each antibiotic-species pair, we estimate the proportion of antibiotic exposures experienced by that species that could be averted under four hypothetical scenarios. The scenarios range from broad elimination of unnecessary prescribing to focused modifications of antibiotic use for specific indications as follows:

1.  Eliminate unnecessary antibiotic use across all outpatient conditions.

2.  Eliminate all antibiotic use for outpatient respiratory conditions for which antibiotics are not indicated.

3.  Eliminate all antibiotic use for acute sinusitis.

4.  Prescribe nitrofurantoin for all cases of cystitis in women.

We use the results reported by Fleming-Dutra and colleagues as estimates of unnecessary antibiotic use in ambulatory care settings ([@bib18]). In this study, the authors convened a group of experts to estimate the proportion of appropriate antibiotic use by condition and age group based on clinical guidelines. When guidelines could not be used for this task, the rate of appropriate antibiotic prescribing was estimated by benchmarking against the lowest-prescribing US region. Based on the same paper, we consider viral upper respiratory tract infection, influenza, non-suppurative otitis media, viral pneumonia, bronchitis, and allergy and asthma to be outpatient respiratory conditions for which antibiotics are not indicated.

Antibiotic treatment of acute bacterial sinusitis is currently guideline-recommended ([@bib48]). However, bacteria are an infrequent cause of acute sinusitis, and due to the self-limiting nature of the syndrome, evidence to support antibiotic treatment is weak ([@bib10]; [@bib19]). The cause of sinusitis (whether bacterial, viral, or noninfectious) can be very difficult to distinguish in practice, and as a result of this challenge and others, antibiotics continue to be prescribed at over 80% of US outpatient visits with a primary diagnosis of acute sinusitis ([@bib52]). In contrast, antibiotics are always recommended for urinary tract infections (UTIs). Despite being recommended as a second-line therapy for cystitis due to concerns about resistance, fluoroquinolones are the most common treatment, prescribed at 40% of outpatient visits for uncomplicated UTI ([@bib31]). We explore the hypothetical scenario of treating all cases of cystitis in women with nitrofurantoin, a recommended first-line therapy with good potency against common uropathogens, low levels of resistance, and decreased risk of collateral damage to the intestinal microbiome due to its propensity to concentrate in the bladder ([@bib23]; [@bib22]; [@bib54]). Nitrofurantoin is considered clinically appropriate unless the patient has chronic kidney disease, is showing signs of early pyelonephritis, or has had a prior urinary isolate resistant to nitrofurantoin ([@bib26]). In our analysis, we exclude patients with a simultaneous diagnosis of pyelonephritis. We assume that other contraindications are fairly rare in the general population.

Data sources and methodology {#s2-2}
----------------------------

Extending our recent work on bystander selection ([@bib56]), we used the 2015 National Ambulatory Medical Care Survey and National Hospital Ambulatory Medical Care Survey (NAMCS/NHAMCS) ([@bib40]), the Human Microbiome Project (HMP) ([@bib29]; [@bib28]), and assorted carriage and etiology studies ([@bib3]; [@bib5]; [@bib6]; [@bib7]; [@bib11]; [@bib12]; [@bib15]; [@bib20]; [@bib21]; [@bib22]; [@bib24]; [@bib25]; [@bib35]; [@bib27]; [@bib30]; [@bib39]; [@bib43]; [@bib47]; [@bib60]; [@bib63]; [@bib64]) (details in [Figure 1---source data 1](#fig1sdata1){ref-type="supplementary-material"}) to estimate national outpatient antibiotic exposures by drug, species, and condition. NAMCS/NHAMCS are annual cross-sectional surveys designed to sample outpatient visits in the United States, and up to five diagnoses and thirty medications may be associated with each visit. We used methodology developed by Fleming-Dutra and colleagues ([@bib18]), and applied in other studies ([@bib41]), to group diagnosis codes into conditions and link antibiotic prescriptions with the most likely indication. For this analysis, visits with a diagnosis of acute cystitis (ICD-9-CM: 595.0), unspecified cystitis (595.9) or unspecified UTI (599.0), without a concurrent diagnosis of pyelonephritis (590.1, 590.8), renal abscess (590.2), or kidney infection (590.9), were considered to be associated with cystitis. In this analysis, we maintain the assumption that one antibiotic prescription is equivalent to one exposure; antibiotic exposures experienced by a given species and associated with a given condition are roughly estimated as the product of antibiotic prescriptions for that condition and species carriage prevalence, which is dependent on disease etiology (target exposures) and asymptomatic carriage prevalence (bystander exposures). For diagnoses where etiology was not readily available, we assumed that none of our species of interest were causative agents. These assumptions have been enumerated in detail in prior work ([@bib56]). We applied proportions of unnecessary antibiotic prescribing by condition and age group estimated by Fleming-Dutra and colleagues based on expert opinion, clinical guidelines, and regional variability in use ([@bib18]). For relevant scenarios (1 and 2), we applied the proportions of unnecessary use evenly across all antibiotic prescriptions. Antibiotics and antibiotic classes are identified by the Lexicon Plus, 2008 classification scheme (<https://www.cerner.com/solutions/drug-database>).

The proportion of avertable antibiotic exposures for each species is defined by [Equation 1](#equ1){ref-type="disp-formula"}. The equation adopts previously described notation ([@bib56]) with modifications. A listing of all variables and descriptions can be found in [Table 1](#table1){ref-type="table"}. Let *a* represent antibiotic, *s* represent species, *i* represent ICD-9-CM diagnosis code, and *g* represent age group. Throughout the analysis we have weighted outpatient visits to be nationally representative using the sampling and nonresponse weights provided in NAMCS/NHAMCS. Let *X~as~* be the number of avertable exposures by antibiotic and species, *T~as~* be the total number of exposures by antibiotic and species, *d~aig~* be the number of prescriptions of antibiotic *a* associated with diagnosis code *i* in age group *g*, *p~sig~* be the carriage prevalence of species *s* among those with diagnosis code *i* in age group *g*, and *q~aig~* be the proportion of avertable exposures by diagnosis code and age group in the given scenario. For example, in the scenario assessing elimination of all unnecessary antibiotic use, *q~aig~* is the proportion of avertable antibiotic use by diagnosis and age group ([@bib18]). Alternatively, in the scenario assessing elimination of non-nitrofurantoin treatment for cystitis, *q~aig~* is 1 when *a* is not nitrofurantoin, *i* is a diagnosis code associated with cystitis, and the patient is female, and 0 elsewhere. Carriage prevalences (*p~sig~*) are assumed to be constant within three age groups (under 1 year, 1--5 years, over 5 years old) ([@bib56]), while proportions of avertable antibiotic use (*q~aig~*) were reported for three different age groups (0--19 years, 20--64 years, 65 years old and over) ([@bib18]). *G* is the smallest set of age groups that accounts for this granularity (under 1 year, 1--5 years, 6--19 years, 20--64 years, 65 years old and over). For antibiotic prescriptions that occurred at visits without any ICD-9-CM diagnosis codes (i = 0), we applied the carriage prevalence among healthy individuals.

###### Notation, descriptions, and sources for variables in [Equation 1](#equ1){ref-type="disp-formula"}.

  Variable   Definition                                                                                                                                              Source
  ---------- ------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------
  *d~aig~*   Number of prescriptions (using nationally representative weights) of antibiotic *a* associated with ICD9-CM diagnosis code *i* in age group *g*         NAMCS/NHAMCS 2015
  *e~sig~*   Proportion of cases of condition defined by ICD9-CM diagnosis code *i* in age group *g* caused by species *s*                                           Published etiology studies (see [Figure 1---source data 1](#fig1sdata1){ref-type="supplementary-material"})
  *p~s0g~*   Asymptomatic carriage prevalence of species *s* in age group *g*                                                                                        Human Microbiome Project (HMP) and published carriage studies
  *p~sig~*   Carriage prevalence of species *s* among individuals diagnosed with ICD9-CM code *i* in age group *g*                                                   $e_{sig} + (1 - e_{sig})p_{s0g}$
  *q~aig~*   Proportion of prescriptions of antibiotic *a* associated with ICD9-CM diagnosis code *i* in age group *g* that are avertable under the given scenario   Based on article by Fleming-Dutra et al. ([@bib18]) with adjustments as described in [Figure 1---source data 2](#fig1sdata2){ref-type="supplementary-material"}
  *X~as~*    Number of exposures of antibiotic *a* experienced by species *s* that are avertable under the given scenario                                            $\sum\limits_{g = 1}^{G}{\sum\limits_{i = 0}^{I}d_{aig} \times p_{sig} \times q_{aig}}$
  *T~as~*    Total number of exposures of antibiotic *a* experienced by species *s*                                                                                  $\sum\limits_{g = 1}^{G}{\sum\limits_{i = 0}^{I}d_{aig} \times p_{sig}}$

[Equation 1](#equ1){ref-type="disp-formula"}. Proportion of avertable exposures by species and antibiotic.$$\frac{X_{as}}{T_{as}} = \frac{\sum\limits_{g = 1}^{G}{\sum\limits_{i = 0}^{I}d_{aig} \times p_{sig} \times q_{aig}}}{\sum\limits_{g = 1}^{G}{\sum\limits_{i = 0}^{I}d_{aig} \times p_{sig}}}$$

In scenarios where unnecessary use is eliminated (1 and 2), we assume that only bystander exposures are affected. This presumes that perfect discrimination between bacterial and non-bacterial etiologies is possible. This results in a slight modification to the numerator of [Equation 1](#equ1){ref-type="disp-formula"} \-- *p~sig~* is changed to *p~s0g~* as all eliminated exposures would have occurred during asymptomatic carriage. For cases where *e~sig~* is 1, we assume zero avertable exposures. In addition, we make slight modifications to *q~aig~* when we estimate the proportion of bacterial cases to be larger than the proportion of necessary prescriptions ([Figure 1---source data 2](#fig1sdata2){ref-type="supplementary-material"}; [@bib5]; [@bib7]; [@bib11]; [@bib8]). As a sensitivity analysis, we include the proportion of avertable exposures for each antibiotic-species pair under Scenario 1 if antibiotic use was eliminated equally across both target and bystander exposures ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). All analysis was conducted in R version 3.6.1.

Results {#s3}
=======

Results for all four scenarios are depicted in [Figure 1](#fig1){ref-type="fig"} {#s3-1}
--------------------------------------------------------------------------------

### Scenario 1 {#s3-1-1}

We estimate that elimination of unnecessary antibiotic prescriptions across all outpatient conditions would prevent 6% to 48% (IQR: 17% to 31%) of antibiotic-species exposures ([Figure 1A](#fig1){ref-type="fig"}). The smallest reduction is associated with *S. pyogenes* exposures to cefdinir and the largest with *H. influenzae*, *E. coli,* and *P. aeruginosa* exposures to azithromycin. If all unnecessary antibiotic use could be prevented, over 30% of exposures to amoxicillin-clavulanate, penicillin, azithromycin, clarithromycin, levofloxacin, and doxycycline across most potential pathogens of interest could be averted. Of particular interest, elimination of all unnecessary prescribing in the outpatient setting could reduce exposures of *S. pneumoniae* to penicillins and macrolides by 27% and 37%, respectively, and of *S. aureus* to penicillins and quinolones by 27% and 21%. For *E. coli* and *K. pneumoniae*, approximately one-quarter of exposures to cephalosporins and one-fifth of exposures to quinolones could be averted.

![Heatmaps showing the estimated percentage of species exposures to each antibiotic or antibiotic class that could be averted by scenario.\
Scenarios are defined as elimination of (**A**) unnecessary antibiotic prescriptions across all outpatient conditions, (**B**) all antibiotic use for outpatient respiratory conditions for which antibiotics are not indicated, (**C**) all antibiotic use for acute sinusitis, and (**D**) non-nitrofurantoin treatment of cystitis in women. Drug class results include prescriptions of all antibiotics in that class, as identified by the Lexicon Plus classification system. Sensitivity and other additional analyses are shown in [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"}--[3](#fig1s3){ref-type="fig"}. Abbreviations: *Antibiotics (y-axis):* AMX-CLAV = amoxicillin-clavulanate, MACR/LINC = macrolides/ lincosamides, TMP-SMX = sulfamethoxazole-trimethoprim; *Organisms (x-axis):* EC = *E. coli*, HI = *H. influenzae*, KP = *K. pneumoniae*, MC = *M. catarrhalis*, PA = *P. aeruginosa*, SA = *S. aureus*, SAg = *S. agalactiae*, SP = *S. pneumoniae*, SPy = *S. pyogenes*; PY = person years.\
Figure 1---source data 1.Summary of etiology studies.\
Figure 1---source data 2.Modifications to proportions of unnecessary antibiotic prescriptions based on published etiology studies and antibiotic use in NAMCS/NHAMCS.Modifications were made if the reported proportion of bacterial cases for a given condition exceeded the estimated proportion of appropriate prescriptions reported in [@bib18].\
Figure 1---source data 3.Estimated antibiotic class exposures by exposed and causative species.](elife-52307-fig1){#fig1}

### Scenario 2 {#s3-1-2}

Scenario 2, elimination of all antibiotic use for outpatient respiratory conditions where antibiotics are not indicated, is a subset of Scenario 1 and accounts for a substantial portion of avertable exposures included in the first scenario. As in Scenario 1, the results are primarily driven by drug and depend on the amount of use of that drug for the affected conditions (in this case, conditions for which antibiotics are not indicated). Pathogen characteristics affecting the proportion of avertable exposures can be better understood by looking across all species for a single drug. For example, we focus on the row for azithromycin. Based on NAMCS/NHAMCS 2015, 32% of all azithromycin use is associated with the affected conditions. Since these conditions are never caused by our organisms of interest, the maximum proportion of avertable exposures for any species is 32%. However, the proportion of avertable exposures is modulated by the number of azithromycin exposures that occur for treatment of other conditions -- for example, a lower proportion of avertable exposures for *S. pyogenes*, *M. catarrhalis*, and *S. agalactiae* indicates that they have relatively frequent exposure to azithromycin during treatment of other conditions that are unaffected in this scenario, both as a bystander and causative pathogen.

### Scenario 3 {#s3-1-3}

In Scenario 3, we explore elimination of all antibiotic use for acute sinusitis. Overall, acute sinusitis accounts for just 3% of prescriptions of our included antibiotic classes, resulting in the low proportions of avertable exposures across most bacteria-antibiotic combinations. However, proportions of avertable exposures are relatively high for amoxicillin-clavulanate and clarithromycin, antibiotics for which a large proportion of their use is due to acute sinusitis (15% and 9%, respectively). In this scenario, we make the assumption that all use for acute sinusitis is unnecessary. In reality, a small number of cases are truly bacterial and antibiotics are indicated for patients with persistent, severe or worsening symptoms ([@bib48]). We explore varying levels of unnecessary use based on etiological data in [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"} ([@bib1]; [@bib4]; [@bib18]; [@bib50]; [@bib53]; [@bib61]; [@bib62]).

### Scenario 4 {#s3-1-4}

In this scenario, we consider a program to prescribe only nitrofurantoin for all cases of acute cystitis in women, replacing all other antibiotics that are currently in use. As a result of this change, we estimate that exposures of *E. coli* and *K. pneumoniae* to cephalosporins could be reduced by 16% and 17%, respectively, and exposures to quinolones could decrease by 26% and 28%. Uniquely in this scenario among those we considered, several of our species of interest cause a large proportion of UTI cases (*E. coli*, *K. pneumoniae*, and *P. aeruginosa*). To explore the effects of being a causative pathogen on the proportion of avertable exposures, we focus on the results for ciprofloxacin. Overall, 27% of ciprofloxacin use is associated with acute cystitis in women. Organisms that are not causative pathogens of cystitis have proportions of avertable exposures close to or less than 27%, but a substantially higher proportion of exposures could be averted among causative pathogens - 33%, 36%, and 44% of ciprofloxacin exposures to *E. coli*, *K. pneumoniae*, and *P. aeruginosa*, respectively. Although *E. coli* is the most common cause of UTIs, its estimated proportion of avertable exposures in this scenario is lower than that of *P. aeruginosa*, likely due to the larger number of antibiotic exposures incurred by *E. coli* during asymptomatic carriage.

This scenario also allows us to observe the impact of differences in disease incidence, antibiotic use patterns, and carriage prevalence across age groups on the proportion of avertable exposures. For example, *M. catarrhalis* is asymptomatically carried in children much more frequently than in adults. Since cystitis occurs primarily in adults, the proportion of avertable exposures is often lower for *M. catarrhalis* compared to other species due to bystander exposures in children that are largely unaffected by modified prescribing practices for cystitis. This age group effect can be substantial for antibiotics that are commonly given to children, especially when the antibiotic is also used to treat a condition caused by *M. catarrhalis* (e.g. cefdinir and otitis media), but is less influential for antibiotics that are infrequently prescribed to children, such as ciprofloxacin and levofloxacin.

Overall, the proportion of avertable exposures is driven by pathogen, syndrome, and prescribing characteristics. Because our organisms of interest experience the vast majority of their antibiotic exposures as bystanders, the metric is largely dependent on the proportion of antibiotic use that is associated with the conditions affected in the given scenario. In a scenario where all antibiotic use for affected conditions is eliminated, this proportion would be equal to the proportion of avertable exposures for organisms exposed to antibiotics only during carriage (never pathogens). Being a causative pathogen for any of the affected conditions increases the proportion of avertable exposures. In contrast, being a causative pathogen for unaffected conditions increases unaffected antibiotic exposures and thus decreases the proportion of avertable exposures. For pathogens responsible for multiple syndromes, both factors may be at play. Finally, asymptomatic carriage prevalence is positively associated with both affected and unaffected antibiotic exposures, and, as a result, its overall effect on the proportion of avertable exposures is dependent on the antibiotic-species combination of interest.

Discussion {#s4}
==========

We quantify the species-level impact of changes in antibiotic consumption as the proportion of antibiotic exposures experienced by common bacterial pathogens that could be averted under four hypothetical scenarios. In the scenario where unnecessary antibiotic use for all outpatient conditions is eliminated, we find that up to 48% of exposures (of *H. influenzae*, *E. coli,* and *P. aeruginosa* to azithromycin) could be avoided. In addition, impact of the intervention across antibiotics and species is widespread, with half of antibiotic-species pairs expected to experience a reduction in exposures of over one-fifth (22%). For conditions which require antibiotic treatment, such as UTIs, switching to antibiotics with decreased collateral damage to the microbiome, such as nitrofurantoin, may be an effective strategy for reducing antibiotic exposures across species.

In three out of four situations we assess, antibiotics are considered entirely unnecessary for some or all cases. In the future, this method may also be extended to measure net changes in exposures resulting from more nuanced scenarios where one antibiotic is substituted for another. We did not assess such changes for nitrofurantoin, as its effects on the microbiome outside of the bladder are thought to be minimal ([@bib54]). The reductions in use presented here may be practically infeasible due to challenges including similar clinical presentation of viral and bacterial infections, laboratory processing times that prevent identification of causative pathogens during outpatient visits, individual considerations such as allergies ([@bib49]) or heightened risk of adverse events, misdiagnosis ([@bib17]; [@bib58]), and patient-driven demand ([@bib59]). Even if elimination of unnecessary use were fully realized, our results imply that the majority of species' antibiotic exposures occur in the context of 'necessary' antibiotic use. These findings underscore the importance of considering bystander effects and the need for a multi-pronged approach to programs aimed at controlling antibiotic resistance. Rapid diagnostics, diagnostics that accurately discriminate between bacterial and non-bacterial causes, patient education, and improved decision-making tools and other interventions to motivate changes in clinician behavior can enhance responsible antibiotic consumption and reduce unnecessary antibiotic use; these should be implemented simultaneously with prevention measures such as infection control, access to clean water and sanitation, safe sex interventions, and vaccination, which aim to reduce infection incidence and thus any antibiotic use.

At the time of this analysis, NHAMCS data from hospital outpatient departments was not available for 2015. In the 2010--2011 NAMCS/NHAMCS data, visits to hospital outpatient departments accounted for 36% of included sampled visits, but just 9% of all antibiotic mentions. Since the proportions of avertable exposures including and excluding these visits for 2010--2011 were similar for Scenario 1 ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}), we assumed that the existing 2015 data without hospital outpatient department visits was representative of the NAMCS/NHAMCS population for the purposes of our analysis. Certain outpatient encounters are also outside the scope of NAMCS/NHAMCS, including federal facility visits, telephone contacts, house calls, long-term care stays, urgent care, retail clinics, and hospital discharge prescriptions.

Additional limitations of the included datasets and method for estimating antibiotic exposures have been previously enumerated ([@bib56]). Notably, the NAMCS/NHAMCS does not provide information to link medications with diagnoses, so we adopted a published tiered system to pair antibiotic use at each visit with the most likely indication ([@bib18]). For visits with multiple diagnoses, all antibiotic use was attributed to the single most-likely indication. This method tends to overestimate antibiotic use for conditions for which antibiotics are almost always indicated, which may lead to clinically unusual diagnosis-treatment linkages. In the same way, antibiotic prescriptions are underestimated for diagnoses for which antibiotic use is not indicated, potentially leading to downward bias in avertable exposures for these conditions. Additionally, NAMCS/NHAMCS antibiotic use data does not include prescription details such as duration or dose. Future studies with more granular data may extend the methods presented here to account for such factors.

At the time of this analysis, Fleming-Dutra et al. remained the most up-to-date source of unnecessary antibiotic prescribing by condition. Recent work with slightly different methods found a lower proportion of inappropriate antibiotic prescriptions overall (23.2% compared to 30%) but did not report their estimates by condition ([@bib13]). Although comparable estimates of unnecessary prescribing over time are unavailable, multiple studies have shown that declines in antibiotic use from approximately 2011 to 2016 in the United States have been primarily due to pediatric prescribing, implying that, at least for adults, levels of unnecessary prescribing likely remained similar ([@bib14]; [@bib33]; [@bib34]; [@bib42]). We also assume that the proportion of unnecessary use is constant across all antibiotic use for the same condition as it is difficult to identify specific antibiotic prescriptions that were unwarranted without detailed chart review. A study among outpatients in the Veterans Affairs medical system found that among prescriptions for community-acquired pneumonia, sinusitis, and acute exacerbations of chronic bronchitis, the highest proportion of macrolide use was inappropriate (27%), followed by penicillins (22%) and quinolones (12%) ([@bib57]). Similar studies are needed to understand which antibiotics are frequently used inappropriately for other indications and settings.

Finally, it is important to note that the reduction in antibiotic exposures estimated here does not translate to the same reduction in the prevalence of resistance or in the morbidity and mortality attributable to resistance. Although population-level antibiotic consumption has been positively correlated with levels of antibiotic resistance, the impact of changing consumption is not well-understood and is likely to vary widely by antibiotic-species combination (or even antibiotic-strain combination) based on resistance mechanisms, fitness costs, and co-selection, among other factors ([@bib2]; [@bib44]). Antibiotic consumption is also highly heterogeneous and the impact of stewardship on resistance may depend on the affected patient populations ([@bib41]). Additionally, in this analysis, we give each exposure equal weight. However, the selective pressure imposed by a single exposure depends on a number of variables, including pharmacokinetics, pharmacodynamics, distribution of bacteria across body sites, and bacterial population size. For example, we might expect that the probability of resistance scales with population size, and thus that an exposure received by an individual with higher bacterial load will have a larger impact on resistance. Further research, integrating knowledge from clinical, ecological, and evolutionary spheres, is needed to elucidate the relationship between antibiotic use and selective pressures and ultimately between use and resistance at the population level ([@bib38]).

Reductions in antibiotic consumption are necessary to preserve the potency of these drugs. Quantifying changes in species-level exposures due to stewardship programs is one more step towards understanding how changes in antibiotic use correspond to antibiotic resistance. The methods presented here may be easily extended to incorporate other data sources, such as claims, or to assess more specific stewardship programs. We show that while improved prescribing practices have the potential to prevent antibiotic exposures experienced by bacterial species throughout the microbiome, complementary efforts to facilitate appropriate antibiotic consumption and decrease overall infection incidence are required to substantially avert exposures.
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Summary:

This manuscript looks at strategies to reduce antibiotic prescribing, and the role of \'bystander\' exposure of commensals. The authors present a theoretical framework and nice thought experiment to quantify the potential benefits of changing antibiotic prescription in the outpatient setting. They have used \"publicly available data to quantify potentially avertable exposures of bacterial species to commonly used antibiotics under hypothetical changes in prescribing practice.\" The four scenarios are relevant and \"All scenarios demonstrate that stewardship interventions, facilitated by changes in clinician behaviour and improved diagnostics, have the opportunity to broadly reduce antibiotic exposures across a range of potential pathogens.\" The methodology builds upon previous work of the authors on the effects of antibiotics in the open population and the methods are clearly described. The limitations of the data regarding to infection coding and true antibiotic exposure and the uncertainty that any of the four strategies can be realized in real life are addressed appropriately. And despite the -- somewhat -- obvious conclusions (\"less is more, but sometimes less more\") this work presents a very thoughtful and interesting framework for future analyses.

The take home message is that exposure is reduced but would remain substantial, so outpatient stewardship alone is not enough.

Essential revisions:

1\) The impact of changes prescribing strategy is interesting, but actually only relevant to the particular circumstance of bacteria that are associated with infection and either treated or not treated appropriately (see (a) below). This does not discount the importance of the insights -- but in fact it feels that the manuscript presented numbers more than insights (see (b) below). Thus, the manuscript would be greatly strengthened and appeal to a much broader audience if the current results could be supplemented by some more intuitive explanations and ways to think about the problem.

a\) While giving a percentage reduction is interesting, providing an intuition of how we might think about this and how it applies to different bacteria/drug pathogens combinations would be even more helpful. This is described to some extent in the Results section -- but this was not an easy passage to follow unless you have a clear mental picture of pathogen/syndrome/antibiotic combinations, and could be explained much better in terms of \'classes\' of pathogens. For example, if eliminating unnecessary use of penicillin for respiratory infection reduced overall penicillin prescriptions by 30%, then we can consider how this impact on three different classes of pathogen. (i) For unrelated pathogens (not specifically associated with respiratory infection), exposure is reduced by 30%. (ii) For pathogens that cause respiratory infection -- but for which prescription is unnecessary and avoided by the strategy -- they will have a \>30% reduction (eg: overall reduction, + presence in infection \* prescription rate (or some simple intuitive formula)). (iii) For pathogens that cause respiratory infection and for which penicillin is indicated, then they will have a lower reduction than 30% (ie: 30% -- correct prescription rate).

This is not saying this issue is not described at all here (in formulas, and in the Results section) -- just that it was not immediately clear that this fell out so easily, and the reader has to think about it. A flowchart-type figure of these classes and effects would make it very clear how the numbers in the tables were arrived at.

b\) One thing that is not considered here is pathogen population size/density. For example, one might expect that the number of bacteria present in the microbiome may be many orders of magnitude lower than that present in the context of infection caused by the bacterium. Since the probability of resistance (and transmission of resistance) no doubt scales with population size, this seems important to discuss. This could be simply summarised as a \'ratio\' even if not known precisely. That is, if the results were presented in the intuitive way described in (a) above, the issue of ratio could be introduced even without actual numbers of bacteria in microbiome/infection being known. For example, discussion of the impact of \'density\' on the different scenarios above (eg: in scenario (ii) above, exposure per bacterium is reduced more than expected (because the treatments avoided are high density ones), whereas for scenario (iii) the reduction would be lower than calculated. (indeed, in the simple formula proposed above for a figure -- the ratio of density in commensal carriage vs. infection could be added).

2\) An additional paragraph on the relationship between antibiotic exposure and antibiotic resistance would be valuable. I realize the authors are avoiding that because it is not at all straightforward, but I think worth stating that a 46% exposure does not mean a 46% reduction in the frequency of resistance (let alone a 46% reduction in the morbidity/mortality associated with AMR). It might mean more or less; we have no idea. There is often a hidden assumption in the stewardship literature that if we can half exposure, we half the problem. The next important frontier is to figure out the relationship between the exposure and the resistance problem.

3\) The four scenarios chosen are interesting and clinically relevant. However, they are all fairly different for one another in terms of clinical behavior change and potential implications. Therefore, it could be helpful to the reader if results for each scenario were presented separately in the results and discussion, with additional section tying all findings together and evaluating impact of all four scenarios together.

4\) Additionally, for Scenario 1 it may be helpful to briefly define what is meant by unnecessary antibiotic use for readers unfamiliar with Fleming-Dutra et al. as it may be easy to confuse that with Scenario 2.

5\) There is an issue of assuming \"20/20 hindsight\": the \'incorrect prescription\' rate is based upon post-hoc analysis of the proportion of infections caused by a given pathogen. This information is not known to the clinician in advance. Therefore, there is no way to reach \'optimal targeting\' in real-time prescribing. This should be discussed in more detail.

6\) For acute sinusitis, it needs to be clarified that antibiotic treatment of acute bacterial sinusitis is currently guideline-recommended. Therefore, until guideline recommendations change, this scenario is unlikely to come to fruition. It may be helpful for the authors to consider a sensitivity analysis for acute sinusitis looking at (1) if only unnecessary use was eliminated (using Fleming-Dutra et al. definition) and (2) if all treatment was eliminated (current analysis). Some of this already exists in the supplement (Figure 1---figure supplement 2) and main text, so little additional analysis would be needed.

7\) Consider being more explicit about codes/diagnoses are being considered in Scenarios 1, 2, and 4. Perhaps including a table in the supplement would be a nice way to summarize this.

8\) The incorporation of sensitivity analyses and discussion of outpatient departments is unnecessary and may be confusing to readers. Many outpatient settings are excluded from NAMCS/NHAMCS. Just mention that in the methods and limitations.
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Author response

> Essential revisions:
>
> 1\) The impact of changes is prescribing strategy is interesting, but actually only relevant to the particular circumstance of bacteria that are associated with infection and either treated or not treated appropriately (see (a) below). This does not discount the importance of the insights -- but in fact it feels that the manuscript presented numbers more than insights (see (b) below). Thus, the manuscript would be greatly strengthened and appeal to a much broader audience if the current results could be supplemented by some more intuitive explanations and ways to think about the problem.
>
> a\) While giving a percentage reduction is interesting, providing an intuition of how we might think about this and how it applies to different bacteria/drug pathogens combinations would be even more helpful. This is described to some extent in the Results section -- but this was not an easy passage to follow unless you have a clear mental picture of pathogen/syndrome/antibiotic combinations, and could be explained much better in terms of \'classes\' of pathogens. For example, if eliminating unnecessary use of penicillin for respiratory infection reduced overall penicillin prescriptions by 30%, then we can consider how this impact on three different classes of pathogen. (i) For unrelated pathogens (not specifically associated with respiratory infection), exposure is reduced by 30%. (ii) For pathogens that cause respiratory infection -- but for which prescription is unnecessary and avoided by the strategy -- they will have a \>30% reduction (eg: overall reduction, + presence in infection \* prescription rate (or some simple intuitive formula)). (iii) For pathogens that cause respiratory infection and for which penicillin is indicated, then they will have a lower reduction than 30% (ie: 30% -- correct prescription rate).
>
> This is not saying this issue is not described at all here (in formulas, and in the Results section) -- just that it was not immediately clear that this fell out so easily, and the reader has to think about it. A flowchart-type figure of these classes and effects would make it very clear how the numbers in the tables were arrived at.

We thank the reviewers for their constructive feedback and agree that broader, more intuitive statements may be useful for a wider audience. Describing pathogen classes is slightly more complicated than outlined above because exposures depend not only on etiology for the condition of interest (e.g. respiratory infection) and carriage, but also on the propensity of an organism to cause other infections. In addition, whether antibiotics are or are not indicated does not depend entirely on the causative pathogen. These complexities make it difficult to put forth simple formulas for the proportion of avertable exposures by pathogen "class", but we have included a set of more general statements at the end of the Results section. We hope that this approach will provide readers with the desired intuition.

We have also added an additional source data file (Figure 1---source data 3) including tables of minimally processed data inputs to help facilitate better understanding of the underlying calculations and enable further exploration/manipulation by readers.

> b\) One thing that is not considered here is pathogen population size/density. For example, one might expect that the number of bacteria present in the microbiome may be many orders of magnitude lower than that present in the context of infection caused by the bacterium. Since the probability of resistance (and transmission of resistance) no doubt scales with population size, this seems important to discuss. This could be simply summarised as a \'ratio\' even if not known precisely. That is, if the results were presented in the intuitive way described in (a) above, the issue of ratio could be introduced even without actual numbers of bacteria in microbiome/infection being known. For example, discussion of the impact of \'density\' on the different scenarios above (eg: in scenario (ii) above, exposure per bacterium is reduced more than expected (because the treatments avoided are high density ones), whereas for scenario (iii) the reduction would be lower than calculated. (indeed, in the simple formula proposed above for a figure -- the ratio of density in commensal carriage vs. infection could be added).

We thank the reviewers for their comment and acknowledge that bacterial density could play a role in propagation of resistance. However, we do not believe there is enough data to support the idea that an exposure during treatment is more important for resistance than an exposure experienced during colonization. There are also reasons to believe the opposite -- for example, infections reflect bacteria that found their way into normally sterile sites, and resistant strains or their genes may find it harder to transmit from these sites (e.g. the bloodstream is thought to be a "dead end for evolution" (Levin and Bull, 1994). There is insufficient evidence to conclude whether infection is associated with higher loads of the causative pathogen throughout the body. In addition, many other variables beyond density may modulate the interaction between antibiotics and infecting and colonizing populations of bacteria. For example, pharmacokinetics, pharmacodynamics, the nature of the particular infection (e.g. abscess that is hard for antibiotics to penetrate) and the non-uniform distribution of bacteria across body sites may also play a role.

We have added several lines to the Discussion section to acknowledge that population size/density, along with other factors mentioned above, may impact our findings.

> 2\) An additional paragraph on the relationship between antibiotic exposure and antibiotic resistance would be valuable. I realize the authors are avoiding that because it is not at all straightforward, but I think worth stating that a 46% exposure does not mean a 46% reduction in the frequency of resistance (let alone a 46% reduction in the morbidity/mortality associated with AMR). It might mean more or less; we have no idea. There is often a hidden assumption in the stewardship literature that if we can half exposure, we half the problem. The next important frontier is to figure out the relationship between the exposure and the resistance problem.

We thank the reviewers for raising this important point. We have added a paragraph on this issue to the Discussion section.

> 3\) The four scenarios chosen are interesting and clinically relevant. However, they are all fairly different for one another in terms of clinical behavior change and potential implications. Therefore, it could be helpful to the reader if results for each scenario were presented separately in the results and discussion, with additional section tying all findings together and evaluating impact of all four scenarios together.

As recommended, the Results section has been separated by scenario. We hope this will help improve clarity for readers. Most of the Discussion section is broadly applicable and serves to tie the scenarios together.

> 4\) Additionally, for Scenario 1 it may be helpful to briefly define what is meant by unnecessary antibiotic use for readers unfamiliar with Fleming-Dutra et al. as it may be easy to confuse that with Scenario 2.

We thank the reviewers for raising this potential point of confusion. A brief paragraph has been added to the Materials and methods section to define unnecessary antibiotic use as estimated by Fleming-Dutra et al.

> 5\) There is an issue of assuming \"20/20 hindsight\": the \'incorrect prescription\' rate is based upon post-hoc analysis of the proportion of infections caused by a given pathogen. This information is not known to the clinician in advance. Therefore, there is no way to reach \'optimal targeting\' in real-time prescribing. This should be discussed in more detail.

We thank the reviewers for this important point. We have added "laboratory processing times that prevent identification of causative pathogens during outpatient visits" to the list of issues that preclude optimal prescribing (Discussion section); another related point that is already listed is "similar clinical presentation of viral and bacterial infections". We also include rapid diagnostics as a key tool for reducing unnecessary antibiotic use (Discussion section).

> 6\) For acute sinusitis, it needs to be clarified that antibiotic treatment of acute bacterial sinusitis is currently guideline-recommended. Therefore, until guideline recommendations change, this scenario is unlikely to come to fruition. It may be helpful for the authors to consider a sensitivity analysis for acute sinusitis looking at (1) if only unnecessary use was eliminated (using Fleming-Dutra et al. definition) and (2) if all treatment was eliminated (current analysis). Some of this already exists in the supplement (Figure 1---figure supplement 2) and main text, so little additional analysis would be needed.

We have added this analysis as a third scenario in Figure 1---figure supplement 2 and clarified that antibiotic treatment of acute bacterial sinusitis is currently guideline-recommended in the text (subsection "Scenarios of interest"). Based on the Fleming-Dutra et al. paper, we estimate that 18% (0-19 years old), 100% (20-64 years old), and 34% (\>64 years old) of antibiotic prescriptions given for acute sinusitis are unnecessary. Note that these estimates do not align directly with the numbers from the Fleming-Dutra paper (9% for 0-19 years old, 51% for 20-64 years old, and 16% for \>64 years old) because the Fleming-Dutra paper groups together prescriptions for acute and chronic sinusitis. Although chronic sinusitis arises from multiple pathophysiologic processes, antibiotics may be indicated for chronic sinusitis patients with acute exacerbations and/or signs of infection. Thus, we back-calculate the modified proportions of unnecessary prescriptions for acute sinusitis alone under the simplifying assumption that all prescriptions for chronic sinusitis are necessary (see Figure 1---source data 2 for more details).

> 7\) Consider being more explicit about codes/diagnoses are being considered in scenarios 1, 2, and 4. Perhaps including a table in the supplement would be a nice way to summarize this.

Explicit ICD-9-CM codes for each condition in Scenarios 1 and 2 can be found in eTable 2 of Fleming-Dutra et al., 2016. We describe in the text that we have directly applied their coding methodology: "We used methodology developed by Fleming-Dutra and colleagues, and applied in other studies, to group diagnosis codes into conditions..." (subsection "Data sources and methodology"). Codes for Scenario 4 are written out in the text in the Materials and methods section.

> 8\) The incorporation of sensitivity analyses and discussion of outpatient departments is unnecessary and may be confusing to readers. Many outpatient settings are excluded from NAMCS/NHAMCS. Just mention that in the methods and limitations.

We apologize for any confusion this sensitivity analysis and discussion caused. The purpose of the sensitivity analysis in Figure 1---figure supplement 3 was not explicitly to explore the inclusion/exclusion of specific outpatient departments, but rather to explore validity of using the more recent 2015 data which is missing hospital outpatient department visits (over one-third of all sampled visits in the 2010-2011 data). Because we observed that the 2010-2011 results were similar with and without this segment of visits, we assumed the antibiotic use and diagnosis data from 2015 were representative of the entire NAMCS/NHAMCS population for the purposes of our metric.

To simplify, we have maintained only Scenario 1 in the sensitivity analysis and have added more detail in the Discussion section to explain this Figure supplement. We have also briefly mentioned the limitation of missing outpatient settings in NAMCS/NHAMCS (Discussion section).
